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Recently, it was shown in cochlear explants from the guinea pig cochlea that electrokinetic motile responses of outer hair cells can induce 
radial and transverse motion of the reticular lamina. Here we demonstrate, that the radial component of these motions can be measured up to 
high frequencies (15 kHz). Cochlear explants were taken from guinea pig inner ears and exposed to a sinusoidal electric field. A double 
photodiode was used as a linear position detector with high spatial and temporal resolution to detect radial movements in the plane of the 
reticular lamina. The organ of Corti of the second, third and fourth cochlear turns was stimulated with frequencies of the electrical field between 
0.5 Hz and 20 kHz. Sinusoidal movements of up to 15 kHz were recorded. At higher frequencies the signal-to-noise ratio became too small. The 
largest responses were measured at the three rows of outer hair cells. If the strength of the electrical field was 2 kV/m, into which the cochlear 
explants were placed, the amplitudes of outer hair cell movements were around 1/,tin at 1 Hz and l0 nm at l0 kHz. Uncoupling of the outer hair 
cells from the tunnel of Corti and from the inner hair cells decreased the oscillations of inner hair cells but did not affect outer hair cells. The 
movements showed frequency dependent amplitudes like a complex low-pass filter but no best frequency was observed. 
Cochlear amplifier; Frequency selectivity; Speech discrimination; Hearing loss 
Introduction 
Isolated outer hair cells of the guinea pig cochlca 
respond to various stimuli with both fast and slow 
reversible length changes of the cylindrical cell body 
(Brownell et al., 1985; Zenner et al., 1985; 1987; Ash- 
more, 1987; Canlon and Flock, 1988; Brundin et al., 
1989). The first observations of electrically induced 
motion of isolated outer hair cells were restricted to 
length oscillations at low frequencies (Brownell et al., 
1985). They were followed by measurements in the low 
kHz range (Zenner et al., 1987; Ashmore, 1987; Zen- 
ner et al., 1988). Recently, we described length oscilla- 
tions at frequencies up to 30 kHz (Gitter and Zenner, 
1988). 
The molecular basis of electrically induced fast 
movements of outer hair cells is still obscure. Various 
physical mechanisms have been suggested (Ashmore 
and Meech, 1986; Dallos et al., 1991). Hypotheses 
based on electrically induced motion of these cells 
assume that the fast motile responses enable the cells 
Correspondence to: Hans-Peter Zenner, HNO Hearing Research 
Laboratory, University of Tiibingen, Silcherstrasse 5, W-7400 Tii- 
bingen, FRG. 
to function as a fast cochlear amplifier that contributes 
to sensitivity and.sharp tuning of the cochlea (Brownell 
et al., 1985; Kim, 1986; Zenner, 1986; Ashmore, 1987; 
Zenner et al., 1988). In order to demonstrate hat the 
motility is not restricted to isolated outer hair cells, 
movements have been measured in cochlear explants 
(Khanna et al., 1989a,b; Reuter and Zenner, 1990). 
Using heterodyne-interferometry Khanna et al. (1989a) 
observed nonlinearities of sound-induced movements 
of outer hair cells in situ and concluded that the cells 
are active mechanical oscillators. These measurements 
demonstrated transverse movements (i.e. motion per- 
pendicular to the reticular lamina, Fig. 1) only. For 
technical reasons measurements of radial movements 
(i.e. motion parallel to the reticular lamina) were re- 
stricted to Hensen's cells (Khanna et al.,i989b). 
Electrically induced radial and transverse move- 
ments of cuticular plate and stereovilli of outer hair 
cells in the explanted organ of Corti were observed by 
Reuter and Zenner (1990) with video stroboscopy and 
contrast enhanced igital image processing. A short- 
coming of this study was the low time resolution and 
the difficult quantification of the results. In the present 
study we used a double photodiode working as a linear 
position detector (Crawford and Fettiplace, 1985; 
Riisch and Thurm, 1986, 1990; Ashmore, 1987; Zenner 
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et al., 1987). With this technique we measured radial 
movements of the reticular lamina with high spatial 
and temporal resolution at different locations of the 
organ of Corti. 
Materials and Methods 
Preparation and electrical stimulation were de- 
scribed in detail elsewhere (Zenner et al., 1985, 1987; 
Reuter and Zenner, 1990). In brief, cochlear explants 
(Fig. l) of approximately 0.5-1.5 mm length were ob- 
tained from sacrificed guinea pigs (weight 200-300 g). 
After removal of the bony shell of the cochlea, three 
quarters of each cochlear turn were separated by cut- 
ting the modiolus gently with fine forceps (Dumont no. 
5, Sti~rmer, Wiirzburg, FRG). The cochlear explants, 
consisting of modiolus, basilar membrane and organ of 
Corti (Fig. 2a), were then transferred with the forceps 
and steel needles (tip diameter 30 ~tm) to a glass cover 
slide in a Petri dish. In some cases (Fig. 2), the explant 
was positioned on the flexible bottom of a Petriperm 
culture dish (Heareus, FRG). During transfer the ex- 
plant was held with forceps from below at the bone in 
order not to change the orientation of the organ of 
Corti with the reticular lamina facing upwards. In the 
Petri dish the explant was arranged with steel needles 
under optical control using the video camera. 
The Petri dish contained 0.2-5 ml of Hanks' solu- 
tion, buffered to pH 7.2 and adjusted to 300 
mOsmol/kg with sodium chloride. The condition of 
the explant was examined with high resolution interfer- 
ence contrast microscopy using an × 63, NA 1.4 objec- 
tive (Zeiss, Oberkochen, FRG). The explanted tissue 
was damaged at marginal parts only. At least 90% of 
the explant was morphologically intact. Explant condi- 
tion was further investigated by histological processing 
of explants after the experiments. Following fixation 
with 2.5% glutaraldehyde and 1.5% formaldehyde and 
embedding in Epon, semi-thin sections were stained 
with Toluidine-Blue (Fig. 2b). 
The Petri dish was positioned on the stage of an 
inverted microscope (Labovert, Leitz) with the reticu- 
lar lamina aligned parallel to the focal plane of the 
microscope (Fig. 2b). Bright field optics with an x 32, 
NA 0.4 objective (Leitz) were used. Electrical stimula- 
tion was performed by two Ag/AgCI electrodes made 
from silver wire of 0.1 mm diameter. They were placed 
on either site of the explant, 300/zm apart from each 
other. For the most apical explants the placement of 
the electrodes allowed the major axis of the resulting 
field to be orientated approximately along the axis of 
the outer hair cells (such as the segment in Fig. 2). In 
explants from turns 2-3 the field changed orientation 
up to 20 ° relative to the longitudinal xis of the OHCs, 
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because hair cells become progressively more orthogo- 
nal to the basilar membrane and the reticular lamina 
becomes progressively more parallel to the basilar 
membrane. This 20-degrees change of the orientation 
of the electrical stimulation field did not induce a 
measurable change of the motile response of the OHC. 
Alternating voltages were applied to the stimulation 
electrode placed at the lateral site of the basilar mem- 
brane (Fig. 2a). The reference electrode (grounded) 
was placed above the bone of the modiolus (Fig. 2a). If 
not indicated otherwise, the sinusoidal electric field 
applied to the specimen had an amplitude of 2 kV/m 
when measured with microelectrodes in the absence of 
the explant. The experiments were performed at a 
temperature of 21-22°C in the Petri dish. The temper- 
ature was measured with a thermocouple (tip diameter 
200 /~m, time resolution 0.3 sec) between the elec- 
trodes, next to the explant in the Petri dish. 
The preparation was continuously monitored with a 
high speed shutter CCD camera (Panasonic F!0) and a 
video screen (Panasonic WV 5450). Cell borders and 
stereovilli of inner and outer hair cells were visible. 
Movements with frequencies of up to 498 Hz were 
visualized with video stroboscopy as described previ- 
ously (Reuter and Zenner, 1990). Images were recorded 
with an U-matic PAL video recorder (Sony) allowing 
single frame analysis. The video image was used to 
focus the reticular lamina and to visualize the proiec- 
tion of a specific location onto the double photodiode 
used for photometry. The double photodiode (BPX 48, 
Siemens, Miinchen, FRG)was mounted in a screen at 
an additional optical output of the microscope. The 
surface of the photodiodes was in an optical plane of 
the microscope that was conjugated to the optical 
plane of the object. The image of various 10/~m x 10 
/~m portions of the reticular lamina were projected on 
the area of the photodiodes. The small area of the 
reticular lamina that was projected allowed the exami- 
nation of individual inner and outer hair cells and 
supporting cells (Fig. 1). In order to align the projec- 
tion, it was sufficient to have a larger portion (130 
/zm × 160 /~m) of the reticular lamina (including the 
small portion that was projected on the photodiodes) 
imaged on the video screen (Fig. 1). 
The double photodiode was used to measure dis- 
placements in the focal plane of the microscope as 
described by Riisch and Thurm (1986, 1990). Thus, the 
photodiode detected only movements in radial or lon- 
gitudinal directions of the cochlea. The double photo- 
diode provided high spatial and temporal (10/ts) reso- 
lution. The smallest displacements of the reticular lam- 
ina that the analysis ystem could measure was 10 nm. 
The bandwidth of the analysis ystem was 20 kHz. The 
photodiode output was amplified, digitized and ana- 
lyzed with a spectrum analyzer (Ono Sokki CF-940) 
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Fig. 1. Image of the reticular lamina (RL), obtained with an × 63 objective and Normaski optics, as it was projected on the photodiode pair 
(drawn to scale). A similar arrangement as visible in this picture was seen on the video screen during the measurements except hat a × 32 bright 
field illumination ptics was involved in recording. The area of the photodiode pair was approximately aslarge as the apical surface of a single 
cell of the organ of Corti. From left to right: inner hair cells (IHC), tunnel of Corti, and three rows of outer hair cells (OHC). In contrast to the 
experimental situation using × 32 optics the present picture was obtained by viewing the reticular lamina from above, which was dictated by the 
short working distance of the Zeiss × 63, NA 1.4 objective. The inset shows a schematic view of the organ of Corti in three dimensions, defining 
the use of three orthogonal directions; transverse for the direction perpendicular to the reticular lamina, longitudinal for distance along the 
cochlear partition and radial for the direction going outward from the modiolus. The diode-pair is shown oriented to be sensitive to 
radial motion. 
and stored on floppy disk. Spectra were plotted with a 
graphics plotter (HP 7550 A, Hewlett-Packard),, Data 
were expressed as mean + standard eviation. 
Results 
Electrically induced radial movements of the reticu- 
lar lamina were investigated in fresh cochlear explants 
in situ (Fig. 1). The two electrodes were oriented such 
that they produced an electric field in the plane of the 
radial and transverse directions (see Fig. 1 inset for 
definition of axes), orthogonal to the longitudinal di- 
rection of the organ of Corti (Fig. 2). The imaginary 
line connecting the two electrodes enclosed an angle of 
_+ 20 ° with the main axis of the cylindrical cell bodies of 
the outer hair cells in the explant. The alternating field 
induced vibrations of the reticular lamina at the same 
frequency as the stimulus. Video stroboscopy demon- 
strated radial and transverse but no detectable longitu- 
Fig. 2. (a) Cross-section of the cochlear partition (apical cochlear turn),which schem~ tcally demonstrates the orientation of the reticular lamina 
and the placement of the stimulation electrodes. The actual explant i cludes the modiolus, basilar membrane and organ of Corti. As the bony 
partition that separates scala tympani of the one turn from scala vestibuli of the next turn is extraordinarily fragile, in a few cases we used Petri 
dishes with a flexible bottom to minimize the danger of a damage. However, if these bony parts were not damaged uring the dissection, it
cannot be excluded that they may have been broken when placing them on the floor of the Petri dish. This is particularly true in experiments 
where the bottom of the Petri dish was a glass cover slide. OC: organ of Corti, BM: basilar membrane, H: holder which maintains the modiolus 
(M) in place in a way that the reticular lamina is parallel to the bottom of the Petri dish and, therefore, in the focal plane of the microscope. E:
electrodes, calibration bar: 100/zm. (b) shows a Toluidine-Blue-stained cross-section through the organ of Corti of the apical turn of the guinea 
pig cochlea to make evidently clear the functional integrity of the organ of Corti, following its use as a cochlear explant preparation. The 
histological cross-section f the cochlea did not include the bony cochlear partitions to prevent an additional, time consuming, decalcification 
procedure. The bar is 50/zm long. IHC: inner hair cells, OHC: outer hair cells, HC: Hensen cells, DC: Deiters' cells. 
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dinal movements of the organ of Corti with frequencies 
up to 498 Hz. Thus in the present experiments the
photodiodes detected radial displacements only, be- 
cause longitudinal movements were absent and the 
photodiodes were insensitive to transverse movements. 
Fast radial oscillations of outer hair cells 
Fast radial movements of cuticular plate and stere- 
ovilli (stereociliae) of outer hair cells of the second, 
third and fourth cochlear turns in response to a sinu- 
soidal electric field of 2 kV/m with frequencies be- 
tween 1 Hz and 15 kItz were measured with the double 
photodiode. Fig. 3 shows an example from the third 
turn. The power density spectra showed peaks at the 
frequency of the stimulus, but there were no peaks at 
other frequencies, for instance at the 2nd or 3rd har- 
monics. The output signal was calibrated by moving a 
immobilized glutaraldehyde fixated explant by electri- 
cal stimulation at 1-5 Hz. The peak of the power 
density spectrum was correlated to the amplitude of 
the movement which was measured on the videoscreen 
by single-frame analysis. The output of the photodi- 
odes varied linearly with image movements between 1 
p.m and 3/~m. Therefore, the photodiode output was 
assumed to be proportional to the displacements over 
the total range of displacements. The vibration ampli- 
tudes were frequency-dependent. At 1 Hz the ampli- 
tude of the radial movement was 0.8 /~m + 0.3 ttm 
(N= 5 cells of different explants). With increasing 
stimulus frequency the amplitude of radial displace- 
ments in the reticular lamina decreased. In five speci- 
mens (out of 20) motile responses of outer hair cells 
were detected at frequencies as high as 15 kHz; the 
amplitudes were 10 nm. At stimulus frequencies above 
15 kHz the amplitude of the recorded movements was 
below the spatial resolution of 10 nm. 
Oscillations of outer hair cells in different cochlear turns 
Mechanical responses of outer hair cells of the 
second (N= 12), third (N- -10)  and fourth (N= 8) 
cochlear turns were examined in explants of 30 
cochleae; each row of outer hair cells was examined 
separately. In all experiments amplitude and phase of 
the movement were measured with stimulus frequen- 
cies between 1 Hz and 10 kHz at a constant electric 
field intensity of 2 kV/m (Fig. 4). The amplitude of the 
movement was a nonlinear, monotonically decreasing 
function of frequency without a simple low-pass char- 
acteristic. From 1 to 10 Hz the amplitude decreased by 
10 dB starting at 0.8-1.2 ~m in all turns. Above 10 Hz 
the results differed, In the 2nd turn the amplitude 
response was nearly constant between 10 Hz and 300 
Hz. Above 300 Hz the amplitude decreased by approxi- 
mately 10 dB/decade. A decrease of 10 dB/decade 
appeared in the 3rd turn above 80 Hz and in the 4th 
turn above 15 Hz. Thus the frequency, above which the 
amplitude decreased by 10 dB/decade, was higher the 
more basal an outer hair cell was located in the cochlea. 
Oscillations at different locations in the organ of Corti 
In order to compare oscillation amplitudes at differ- 
ent supporting cells and sensory cells, photodiode mea- 
surements were made at 8 different locations along a 
radial track across the reticular lamina. This series of 
measurements was performed in each of 8 morphologi- 
cally intact cochlear explants. Locations included the 
apical ends of Hensen's cells, the three rows of outer 
hair cells, outer and inner pillar cells, inner hair cells 
and cells of the inner sulcus (Figs. 5 and 6). 
The photodiode output was calibrated to exclude 
the influence of differences in optical contrast at dif- 
ferent locations. Using a vibrator, passive sinusoidal 
radial bulk movements of immobilized whole speci- 
mens were induced by mechanical vibration of the 
Petri dish at a frequency of 1500 Hz and constant 
amplitude. Thereby the 8 different locations moved 
with the same amplitude. Thus, the observed differ- 
ences of photodiode output reflected differences of 
optical contrast (Fig. 6b). The ratio of the amplitude of 
photodiode output with electrical stimulation over the 
amplitude of photodiode output with bulk movement 
was used as a measure of the amplitude of the oscilla- 
tory movements (Fig. 6c). 
In the presence of the electrical stimulus inner hair 
cells (IHC), inner and outer pillar cells of the tunnel of 
Corti, Hensen cells and inner sulcus cells oscillated at 
significantly (Mann-Witney P = 3%) lower amplitudes 
than the three rows of OHC (Fig. 6c). In another series 
of experiments, inner and outer hair cells were me- 
chanically uncoupled in the cochlea explant. When the 
organ of Corti contained a cut at the tunnel of Corti, 
oscillations of inner hair cells were no longer observed 
although movements of outer hair cells were clearly 
seen. In order to exclude the possibility that the ab- 
, - -  , ,  . 
Fig. 3. Power density spectra of measurements of motion in one explant. The left side of the figure (panels a-e) show power density spectra of 
the radial displacement responses of the cuticular plate of an outer hair cell (3rd turn, 1st row) in the presence of an oscillating electric field of2 
kV/m for stimulus frequencies of 10, 100, 1000, 10000 and 15000 Hz, respectively. The inset figures show the electric stimulus for each 
frequency. The right side of the figure (panels f-j) shows two types of control measurements for the same set of frequencies. In the first series of 
controls, the preparation was moved so that he specimen was no longer projected onto the diodes. The inset figures on the right side show the 
second series of controls. The motion of the explant preparation was measured after fixation with 2.5% glutaraldehyde in Hanks' solution. In 
both series of control measurements a response ignal indicating movement was absent. 
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Fig. 4. Amplitude and phase of the radial movements of outer hair cells in the second (12 cells), third (10 cells) and fourth turns (8 cells) in 
response to sinusoidal stimuli• The stimulus frequency signal was swept from 1 Hz to 10 kHz. Panels a, b and c show results for outer hair cells of 
turn 2, 3 and 4, respectively• The depicted curves show the mean of the measured curves (one curve was measured for each cell)• The error bars 
represent standard deviations f these values° The standard deviation is indicated for 40 frequency values• Panels d, e and f show the 
corresponding phase functions for the frequency range of 10 Hz to l0 kHz. 
sence of IHC motion was caused by an unfavourable 
angle of  the electric f ield for the IHC, control experi- 
ments were performed with various field directions. 
However,  even when the imaginary line connect ing the 
electrodes was parallel (+  20 °) to the apex-basis axis of  
the inner hair cells, no movements  were detected at 
the inner hair cells, although motion was observed at 
the outer hair ceils. Thus the results suggest that the 
electrically st imulated osci l lations originated predomi-  
nantly from active radial outer  hair cell movements.  
Control experiments 
After  removal of the cochlear explant, the electric 
field in the empty Petri dish did not produce a peak in 
the power density spectrum of  the photodiode signal 
(Fig. 3 f- j ) .  Further controls were performed to show 
that the mechanical responses were not caused by 
unspecific bulk movements. The peak in the power 
density spectrum of the photodiode signal vanished at 
all recording locations when specimens were fixed by 
2.5% glutaraldehyde during the electrical stimulation 
(Fig. 3 f-j, inserts)• Only when the specimen was float- 
ing or when the electrical stimulus was increased above 
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5 kV/m, bulk movements of the whole specimen were 
recorded. The temperature, measured between the two 
stimulation electrodes, in the Petri dish remained con- 
stant at 21°C _+ I°C for the durations of voltage oscilla- 
tions of 30 min. In further control experiments stria 
vascularis of the guinea pig cochlea or pieces of pigeon 
iagena were placed between the electrodes. Only a 
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Fig. 5. Evidence for coupling of the motion of inner and outer hair cells. Power density spectra aken at eight different positions along a radial 
track in the 3rd turn. The different positions are indicated in the schematic panel c. IS: inner sulcus, IHC: inner hair cell, IPC: inner pillar cell, 
OPC: outer pillar cell, OHCI: OHC of the first row, OHC2: OHC of the second row, OHC3: OHC of the third row, CH: Hensen cells. Also 
shown are tunnel of Corti (TC), space of Nuel (NS), outer tunnel (OT) and Deiters' cells (CD). Panel a shows spectra for the intact explant in an 
electric field of 2 kV/m and 1500 Hz. Maximal response was seen in the region of the outer hair cells. Panel b shows measurements of another 
preparation where outer hair cells and pillar cells were separated by a cut with a dissection eedle. Motion of inner hair cells was absent. 
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relatively small peak was observed in the power density 
spectrum of the photodiode signal. 
Discussion 
Since the organ of Corti is a complex micromechani- 
cal system a three dimensional mode of vibration can 
be expected in its mobile parts. Investigations of the 
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basilar membrane vibrations (B6k6sy, 1953; Johnstone 
and Boyle, 1967; Rhode 1971; Khanna and Leonard, 
1982; LePage, 1987) have measured movements per- 
pendicular to the basilar membrane. Hence transverse 
movements of the reticular lamina can be expected. 
Recently, transverse oscillations of the reticular lamina 
have indeed been found in the guinea pig cochlea in 
heterodyne interferometer m asurements (Khanna et 
al., 1989a) and by digital image processing (Reuter and 
Zenner, 1990). The amplitudes were greater at the 
lamina reticularis than near the basilar membrane. 
Vibrations of the reticular lamina were proposed to be 
more important for the understa~lding of cochlear mi- 
cromechanics than BM displacements (Khanna et ai., 
1989; Reuter and Zenner, 1990). During electrostimu- 
lation of the organ of Corti in situ, direct visualization 
of the reticular lamina showed that the transverse 
vibrations of the reticular lamina were driven by fast 
movements along the axes of outer hair cells (Reuter 
and Zenner, 1990). These movements resulted in peri- 
odic variations of the cross-sectional rea of the organ 
of Corti. According to de Boer (1990) this is required 
to explain amplification of the travelling wave. 
Performing in situ measurements with the hetero- 
dyne interferometer in guinea pig explants, Khanna et 
al. (1989) did not describe a radial movement of reticu- 
lar lamina. Their search for radial movements, how- 
ever, was restricted to the Hensen cells. By contrast, 
our recent in situ studies (Reuter and Zenner, 1990) 
covering the whole widtl) of the reticular lamina (i.e. 
Hensen's cells, outer hair cells, pillar cells, inner hair 
cells and Deiters' cells) of the three apical turns from 
the guinea pig cochlea revealed the existence of radial 
vibrations of the reticular lamina up to 498 Hz (Reuter 
and Zenner, 1990). The radial vibrations of the reticu- 
lar lamina were driven by movements of the outer hair 
cells, as were the transverse vibrations. 
The present study is a quantitative analysis of active 
radial movements of outer hair cells and of the result- 
in ~assive radial movements of the adjacent structures 
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Fig. 6. Calculation of absolute displacements from changes of the 
photodiode output. Photodiode measurements weretaken at the 8 
locations hown in Fig. 5c. (a) Output amplitudes and standard 
deviations (N = 8) in the presence of an electrical stimulus of ,500 
Hz and 2 kV/m, i.e., these experiments wereperformed as in Fig. 5. 
(b) Output amplitudes in the absence of the electrical stimulus but 
during radial vibrations of the Petri dish resulting in a passive 
horizontal vibratory bulk movement of the specimen. After fixation 
of the specimen by addition of 2.5% glutaraldehyde the output 
signals vanished in a, whereas no significant signal change was 
observed in b. (c) In order to exclude the influence of different 
optical contrast at different locations in the organ of Corti on the 
photodiode output signal, the ratio a/b of amplitudes from a and b 
was computed and expressed as percentage (100% represents he 
largest amplitude measured in an outer hair cell). Motion was largest 
at the outer hair cells. 
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Fig. 7. Schematic diagram explaining the putative role of active 
mechanical movement of outer hair cells in the organ of Corti. The 
axes describe frequency and amplitude of the vibration of the cochlear 
partition. In the absence of active mechanical movement of outer 
hair cells sound energy near threshold may produce asmall vibration 
amplitude, as shown by ~he dashed line (derived from measurements 
of Johnstone t al., 1986). This passive vibration may elicit active 
mechanical processes driven by intra- or extrhcellular receptor po- 
tentials. A possible mechanism, suggested by the results of the 
present study, is hown in the insert: shortenings ( ) and elongations 
(e) of outer hair cells may cause radial and transverse movements of 
the reticular lamina. These may, because of the mechanical coupliag 
between the inner and outer hair cells, amplify the mechanical 
stimulus received by the inner hair cells. The solid line in the main 
figure shows the amplified signal as it is measured in the intact 
cochlea (Johnstone t al., 1986). 
The gradient of the amplitude of the movements 
along a radial track in the lamina reticularis was most 
pronounced between the inner row of the outer hair 
cells and the tunnel of Corti. This suggests a compli- 
ance maximum at this location that attenuates the 
movement between outer and inner hair cells. 
Outer hair cells of all cochlear turns investigated 
were able to respond to external electrical stimuli in a 
broad frequency range up to 15 kHz. Although the 
slope of the recorded amplitude-frequency curve dif- 
fered slightly above l0 Hz between outer hair cells of 
different cochlear turns (Fig. 4), clear evidence for 
tonotopy was absent. The mechanical responses resem- 
bled those of isolated single OHCs in an electric field 
or during current injection (Ashmore, 1987). Both, in 
situ and in vitro movements were mechanically damped 
at higher frequencies like a complex low-pass filter. No 
best frequency of electrically induced movements was 
observed, neither in vitro nor in situ. This is in contrast 
to movements of outer hair cells in response to me- 
chanical stimulations (Brundin et al., 1989; Khanna et 
al., 1989). 
It has been proposed that acoustic stimulation ear 
threshold oes not stimulate inner hair cells directly, 
but rather that they receive the mechanical signal 
amplified by outer hair cells (Russell and Seilick, 1978; 
Kim 1984). Zwislocki (1988) carried out experiments on 
individual auditory nerve fibres of gerbils and con- 
cluded that the inner and outer hair cells of the intact 
cochlea interact with each other. Although the present 
study did not demonstrate mechanisms by which the 
frequency selectivity of the cochlear oscillations could 
be sharpened in vivo, the present results provided 
evidence for the amplification of the mechanical stimu- 
his arriving at the inner hair cells (Fig. 7). The radial 
movements described in the present study may in vivo 
amplify the vibrations of the cochlear partition and 
may, thereby, increase th  input of the inner hair cells. 
in the reticular lamina. The electrically induced me- 
chanical oscillations were recorded up to high frequen- 
cies (15 kHz) in the second, third and fourth turns of 
the guinea pig cochlea. Motile responses with even 
higher frequencies and amplitudes below 10 nm cannot 
be ruled out. 
The vibration amplitude as a function of location 
along a radial track had a maximum at the outer hair 
ceils. In experiments where th  inner hair cells were 
mechanically uncoupled from the outer hair cells the 
movements were limited to the outer hair cells. Similar 
differences between the motility of inner and outer 
hair cells have been seen in microscopic observations 
of isolated cells (Brownell et al., 1985). Thus, the 
present results indicate that outer hair cells cause the 
radial component of the vibrations of the reticular 
lamina. 
Acknowledgments 
The authors wish to thank Ulrike Zimmermann for 
drawing some figures and Dr. S. Preyer for comments 
on the manuscript. The technical assistances of Uta 
Nagler and Ulrike Haigis is gratefully acknowledged. 
We thank Professor Dietz, Chair of Biometry, Univer- 
sity of Tiibingen, for his help and advice in handling 
statistics. This work was supported by Leibniz-Grant 
Ze 149/4-4 of the DFG and by a SFB-Grant o H.P.Z. 
References 
Ashmore, J.F. and Meech, R.W. (1986) ionic basis of membrane 
potential in outer hair cells. Nature 322, 368-371 
246 
Ashmore, J.F. (1987) A fast motile response in guinea-pig outer hair 
cells: the cellular basis of the cochlear amplifier. J. Physiol. 388, 
323-347. 
B6k6sy, yon, G. (1953) Description of some mechanical properties of 
the organ of Corti. J. Acoust. Soc. Am. 25, 770-785 
de Boer, E. (1990) Can shape deformations of the organ of Corti 
influence the travelling wave in the cochlea? Hear. Res. 44, 
83-92 
Browneli, W.E., Bader, C.R., Bertrand, D. and de Ribeaupierre, Y.
(1985) Evoked mechanical responses of isolated cochlear outer 
hair cells. Science 227, 194-196. 
Brundin L., Flock, ,~,. and Canlon B. (1989) Sound-induced motility 
of isolated cochlear outer hair cells is frequency-specific. Nature 
342, 814-816 
Canlon, B., Brundin, L. and Flock, ,~. (1988) Acoustic stimulation 
causes tonotopic alterations in the length of isolated outer hair 
cells from guinea pig hearing organ. Proc. Natl. Acad. Sci. 85, 
7033-7035 
Crawford, A.C. and Fettiplace, R. (1985) The mechanical properties 
of ciliary bundles of turtle cochlear hair cells. J. Physiol. 364, 
359-379 
Dailos, P., Evans, B.N. and Hallworth, R. (1991) Nature of the motor 
element in electrokinetic shape changes of cochlear outer hair 
cells. Nature 350. 155-157 
Gitter A.H. and Zenner H.P. (1988) Auditory transduction steps in 
single inner and outer hair cells. In: H. Duifhuis, J.W. Horst and 
H.P. Wit (Eds.), Basic Issues in Hearing, Academic Press, Lon- 
don, pp. 32-41 
Johnstone, B.M. and Boyle, A.J.F. (1967) Basilar membrane vibra- 
tion examined with the M6ssbauer technique. Science 158, 389- 
390 
Johnstone, B.M., Patuzzi, R. and Yates, G.K. (1986) Basilar mem- 
brane measurements and the travelling wave. Hear. Res. 22, 
147-153 
Khanna, S.M. and Leonhard, D.G.B. (1982) Basilar membrane tun- 
ing in the cat cochlea. Science 215, 305-306 
Khanna, S.M., Flock, ,~. and UIfendahl M. (1989a) Changes in 
cellular tuning along the radial axis of the cochlea. Acta Oto- 
laryngol (Stockh.) Suppl. 467:163-173 
o 
Khanna, S.M., UIfendahl, M. and Flock, A., 1989b) Modes of cellu- 
lar vibration in the organ of Corti. Acta Otolaryngol (Stockh.) 
Suppl. 467:183-188 
Kim, D.O. (1984) Functional roles of inner- and outer-hair-cell 
subsystems in the cochlea and brainstem. In: C.I. Berlin (Ed.), 
Hearing Science: Recent Advances, College-Hill Press, San Diego, 
pp. 241-262. 
Kim, D.O. (1986) Active and nonlinear cochlear biomechah'~ics and 
the role of outer-hair-cell.subsisted in the mammalian auditory 
system. Hear. Res. 22, 105-114 
LePage, E.L. (1987) Frequency-dependent self-induced bias of the 
basilar membrane and its potential for controlling sensitivity and 
tuning in the mammalian cochlea, J. Acoust. Soc. Am. 82, 139-154 
Rhode, W.S. (1971) Observations of the vibration of basilar mem- 
brane in squirrel monkeys using the M6ssbauer technique. J. 
Acoust. Soc. Am. 49, 1218-1231 
Reuter, G. and Zenner, H.P. (1990) Active radial and transverse 
motile responses of outer hair cells in the organ of Corti. Hear. 
Res. 43, 219-230 
Riisch A. and Thurm, U. (1986) Passive and active deflections of 
ampullary kinocilia correlated with changes in transepithelial 
voltage. ORL  J. Otolaryngol. Relat. Spec. 48, 76-80 
Ri~sch, A. and Thurm, U. (1990) Spontaneous and electrically in- 
duced movements of ampullary kinocilia and stereovilli. Hear. 
Res. 48, 247-264 
Russel, l.J. and Sellick, P.M. (1978) Intracellular studies of'hair cells 
in the mammalian cochlea: J. Physiol. (London) 284, 261-290 
Zenner, H.P., Zimmermann, U. and Schmitt, U. (1985) Reversible 
contraction of isolated mammalian cochlear hair cells. Hear. Res. 
18, 127-133 
Zenner, H.P., (1986) Motile responses in outer hair cells. Hear. Res. 
22, 83-90 
Zenner, H.P., Zimmermann, U. and Gitter, A.H. (1987) Electrically 
induced fast motility of isolated mammalian auditory sensory 
cells. Biochem. Biophys. Res. Comm.  149, 304-308. 
Zenner, H.P., Arnold, W. and Gitter, A.H. (1988) Outer hair cells as 
fast and slow cochlear amplifiers with bidirectional transduction 
cycle. Acta Otolaryngol. (Stockh.) 105, 457-462 
Zenner, H.P., Zimmermann, R. and Gitter, A.H. (1988) Active 
movements of cuticular plate induce sensory hair motion in 
mammalian outer hair cells. Hear. Res. 34, 233-240 
Zwislocki, J.J. (1988) Mechanical properties of the tectorial mem- 
brane in situ. Acta Otolaryngol (Stockh.) 105, 450-456 
